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1. Introduction
After decades of theoretical and experimental progress,
quarkonium production is still not well understood. Dif-
ferent theoretical approaches to quarkonium production
lead to very diﬀerent predictions for the polarization.
Thus, the polarization is a powerful observable to dis-
criminate between the theoretical models [1].
The measurement of the quarkonium polarization is a
complex and multi-dimensional problem. Recent work
has demonstrated the importance of considering the full
angular distribution in various reference frames and the
beneﬁt of additionally examining frame invariant pa-
rameters [2–5]. The most general observable angular
distribution of a parity-conserving dilepton decay of a
vector particle can be written as
W(cos θ, φ | λ) ∝ 1
(3 + λθ)
(1 + λθ cos2 θ
+λφ sin2 θ cos 2φ + λθφ sin 2θ cos φ) ,
where θ and φ are the polar and azimuthal angles of one
of the two leptons with respect to the z-axis of the cho-
sen reference frame and λ = (λθ, λφ, λθφ) represent the
frame dependent polarization parameters. Additionally,
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frame invariant parameters can be deﬁned to probe sys-
tematic eﬀects and to get supplementary physical infor-
mation.
2. Υ(nS) Polarization Analysis
The polarizations of the Υ(1S), Υ(2S) and Υ(3S)
mesons were analyzed using a dimuon sample. The
data correspond to 4.9 fb−1 of integrated luminosity col-
lected by the CMS experiment at the LHC in 2011 in
proton-proton collisions at
√
s = 7 TeV. Approximately
252 000Υ(1S), 94 000Υ(2S) and 58 000Υ(3S) candi-
dates with dimuon transverse momentum pT > 10 GeV
and rapidity |y| < 1.2 are contained in this sample.
The angular distribution of the Υ(nS) → μ+μ− decay is
measured in ﬁve pT bins for two |y| ranges with respect
to three diﬀerent reference frames: the center-of-mass
helicity (HX) frame, where the z-axis coincides with the
direction of the Υ momentum; the Collins-Soper (CS)
frame [6], where the z-axis is the direction of the relative
velocity of the colliding beams in the Υ rest frame; and
the perpendicular helicity (PX) frame [7], whose z-axis
is orthogonal to the CS axis.
Instead of using a ﬁtting procedure to determine the
angular distribution parameters, the Posterior Probabil-
ity Distribution (PPD) of the parameters is fully and
directly calculated. The signal region is limited to a
dimuon mass within the ±1 standard deviation (σ) win-
dow around the Υ(nS) mass peaks. The fraction of the
background events in this signal region is determined
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measured using a data sample collected with the CMS detector in 2011. The data correspond to an integrated lumi-
nosity of 4.9 fb−1. The measurements are based on the analysis of the dimuon decay angular distributions, analyzed
in three diﬀerent polarization frames, and are presented as a function of the Υ transverse momentum in two rapidity
ranges. The measurement of the polarization parameters, λθ, λφ and λθφ, is complemented by the determination of the
frame-invariant quantity λ˜, which provides a useful intrinsic test of the reliability of the whole analysis chain as well
as supplementary physical information. The polarizations of the three Υ states are found to be small in the considered
kinematic region (10 < pT < 50 GeV, |y| < 1.2) in all the polarization frames.
The polarizations of the Υ(1S), Υ(2S) and Υ(3S) mesons produced in proton-proton collisions at
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Figure 1: Dimuon mass distributions in the Υ region for the two considered |y|
ranges.
by ﬁts to the dimuon mass distribution, which is shown
in Fig. 1. The angular distributions of the background
events are modeled as weighted sums of the distribu-
tions in the mass sidebands, left of the Υ(1S) and right
ofΥ(3S) mass. Then, the background is subtracted from
the data sample event-by-event using a likelihood ratio
criterion.
From the remaining signal-like events, the PPD for the
values of the polarization parameters λ inside a particu-
lar kinematic cell is deﬁned as
P(λ) =
∏
i
1
N(λ)W(cos θ
(i), φ(i) | λ) ε(p (i)1 , p (i)2 ) ,
where N(λ) represents the normalization factor and
ε(p1, p2) the muon detection eﬃciencies. The back-
ground subtraction procedure is repeated 50 times to
evaluate the statistical ﬂuctuations associated with its
random nature. The PPD is calculated as the average of
the 50 obtained PPDs. The numerical results and graph-
ical representations are then determined from 1D and
2D projections of the PPD.
The polarization analysis is extremely sensitive to the
dimuon eﬃciencies, which are the only external input.
Therefore, a precise knowledge and good understand-
ing of the eﬃciencies is needed to avoid introducing an
artiﬁcial polarization. The dimuon eﬃciencies are cal-
culated as the product of the single muon eﬃciencies
since it was seen in detailed Monte Carlo studies that
the correlations between the muons are negligible. A
systematic uncertainty has been assigned to cover pos-
sible residual correlation eﬀects. The single muon ef-
ﬁciencies are measured in data with the Tag & Probe
method [8] using data samples collected with dedicated
triggers enriched in dimuons from J/ψ decays. They are
accounted for on an event-by-event basis.
Apart from systematic uncertainties from the eﬃ-
ciencies, systematic eﬀects coming from the analysis
method itself and the background model were consid-
ered. These uncertainties are propagated to the PPD.
While there is no dominant source of systematic uncer-
tainty in the Υ(1S) case, the total systematic uncertainty
of the Υ(2S) and Υ(3S) states is dominated by the back-
ground model uncertainty, especially at low pT . At high
pT , the statistical uncertainties are more important than
the systematic ones.
Figure 2 shows one-dimensional proﬁles of the PPDs
of the λθ, λφ and λθφ parameters for |y| < 0.6 and 0.6 <
|y| < 1.2.
The corresponding results for the frame-invariant pa-
rameter, λ˜ = (λθ + 3λφ)/(1− λφ), in the HX, PX and CS
frames, are displayed in Figure 3. The good agreement
of the results in the three reference frames indicates that
there are no unaccounted systematic eﬀects.
More details regarding the analysis can be found in
Ref. [9].
3. Conclusions
The polarizations of the Υ(1S), Υ(2S) and Υ(3S)
mesons produced in proton-proton collisions at
√
s =
7 TeV were measured using a dimuon data sample col-
lected with the CMS detector in 2011, corresponding to
an integrated luminosity of 4.9 fb−1. The three frame de-
pendent anisotropy parameters, λθ, λφ and λθφ, as well
as the frame independent λ˜ parameter have been deter-
mined in three diﬀerent polarization frames. The results
were obtained in ﬁve pT bins for two |y| ranges, cov-
ering the kinematic region of 10 < pT < 50 GeV and
|y| < 1.2. The polarization in the explored region was
found to be small.
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Figure 2: The top nine panels show the results in the HX frame as a function of pT for |y| < 0.6 while the bottom nine panels display them for 0.6 < |y| < 1.2. Within
each set of panels, the values of λθ , λφ and λθφ (top to bottom) for the Υ(1S), Υ(2S) and Υ(3S) state (left to right) are shown. The three bands indicate the 68.3%, 95.5%
and 99.7% CL intervals of the total uncertainties.
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Figure 3: Values of λ˜ for the Υ(1S), Υ(2S) and Υ(3S) state (left to right) in the PX, HX and CS frames for |y| < 0.6 (top) and 0.6 < |y| < 1.2 (bottom). The error bands
and bars have the same meaning as in the previous two ﬁgures.
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